As silicon-carbon electrodes with low silicon ratio are the negative electrode foreseen by battery manufacturers for the next generation of Li-ion batteries, a great effort has to be made to improve their efficiency and decrease their cost. Pitch-based carbon/nano-silicon composites are proposed as a high performance and realistic electrode material of Li-ion battery anodes. Composites are prepared in a simple way by the pyrolysis under argon atmosphere of silicon nanoparticles, obtained by a laser pyrolysis technique, and a low cost carbon source: petroleum pitch. The effect of the size and the carbon coating of the silicon nanoparticles on the electrochemical performance in Li-ion batteries is highlighted, proving that the carbon coating enhances cycling stability. Helped by a homogeneous dispersion of silicon nanoparticles into the amorphous carbon matrix, a high coulombic efficiency (especially in the first cycle) and a high stability over cycling is observed (over 1100 mA h g À1 after 100
Introduction
The rst Li-ion battery was commercialized by Sony in 1991 using LiCoO 2 and graphitic carbon as electrodes (i.e. cathode and anode respectively). 1 This energy storage device marked a new area for the secondary batteries beneting for the reversible exchange of lithium ions between the two electrodes. Nowadays, Li-ion batteries are ubiquitous and dominate the portable storage market. However, their utilization for highenergy applications is limited and it presents a huge social challenge for the years to come, especially for electric and hybrid electric vehicles (EVs and HEVs respectively). 2 One strategy, praised by both academics and industry, focuses on the application of high capacity electrode materials, notably silicon, as it is considered an attractive graphite substitute in Liion battery anodes. Silicon exhibits the highest theoretical capacity of 4200 mA h g À1 (against 372 mA h g À1 for graphite) when fully lithiated (i.e. Li 22 Si 5 , or Li 4.4 Si). However, the Li 15 Si 4 phase is the highest lithiated silicon phase electrochemically achievable at ambient temperature (3579 mA h g À1 ). [3] [4] [5] Silicon presents a lithiation potential close to graphite (i.e. 0.4 V vs. Li + / Li) and it is the second most abundant element in the Earth's crust. 2, 6, 7 Unlike graphite, which intercalates lithium ions into its sheets, silicon forms Li x Si alloys (0 < x < 3.75) generating drastic volume modications during the lithiation/delithiation process. Indeed, this large volume expansion (up to 300% for the most lithiated form) is the main issue that limits the use of silicon as an anode material in Li-ion batteries. Besides, aer different charge/discharge cycles, the electrode endures severe modications inducing electrode disconnection with the collector, active material pulverization, SEI (Solid Electrolyte Interphase) layer instability and capacity fading; silicon also suffers from low electrical conductivity. [6] [7] [8] Nanostructuration is a promising solution to overcome volume expansion and strain problems of silicon. Thus different nanoparticles and nano-objects (0D, 1D, 2D and 3D) have been analyzed in the last decade. 6, 9 Nanoparticles exhibit smaller volume modication than their micron-sized counterparts. It has been demonstrated that silicon nanoparticles (Si-NPs) smaller than 150 nm avoid the formation of ssures upon the rst lithiation, 10 therefore reducing the mechanical strain and preventing deformation and cracking of the electrodes. 11, 12 Besides, Wang et al. 13 also proved that reducing the particle size of silicon promotes higher specic capacities and improves the capacity retention. Indeed, particle size optimization is vital in order to reach the best performances. 14 In addition to the particle size, the surface of the particles is of utmost importance. Silicon particles exhibit a silicon oxide layer, composed by silanol groups (SiOH), which are in close interaction with the binder. The nature of these bonds strongly affects the cycle life of the electrode. 15 Unlike poly(vinylidene uoride) (PVDF), aqueous binders such as carboxymethyl cellulose (CMC) or poly(acrylic acid) (PAA) enhance the electrochemical performances of silicon electrodes. [16] [17] [18] [19] In fact, a pH ¼ 3 buffer promotes the formation of covalent bonds by the esterication between the SiOH groups from silicon and the R-COOH groups from the CMC. The presence of these bonds increases the mechanical strength of the electrode, thus tolerating much better the volume modications and, consequently, improving the electrochemical performances. 9, [15] [16] [17] 20, 21 Recently, researches have trended towards the formulation of nanocomposites or hierarchical nanostructured materials in order to enhance the cycling performances of silicon-based anodes. 6 The use of carbonaceous coatings or carbonaceous matrix on Si-NPs opens different possibilities of improvement. On one side, carbon can absorb the volume expansion of silicon during lithiation and, on the other side, it can also afford the electron conductivity of the electrode (i.e. conducting material). 12 One carbon source that has been taking interest, as a pyrolytic carbon source, is petroleum and coal tar pitches. Pitch is an economic raw material composed essentially by a mixture of aromatic hydrocarbons. [22] [23] [24] It is obtained as an industrial by-product and its application as carbon precursor will allow the synthesis of high value-added storage materials. Indeed, pitch has been successfully used as a carbonaceous matrix [25] [26] [27] [28] or as a secondary coating [29] [30] [31] in silicon-based anodes enhancing their electrochemical performances and their capacity retention. Moreover, the process to obtain the Si/ carbon pitch composites relies on pyrolysis, in an analogous way than graphite with the advantage of lower pyrolysis temperature (below 1000 C) and shorter pyrolysis time.
Inspired by the possibilities of value-added of this raw material, we propose the facile preparation of silicon/carbon nanocomposites using carbon-coated silicon nanoparticles (<100 nm) and a petroleum pitch as anode materials for Li-ion batteries. The as prepared silicon/carbon composites electrodes were electrochemically evaluated, and showed a good capacity retention (around 90% of the rst reversible capacity) aer 100 cycles.
Experimental

Silicon nanoparticles and pitch
Crystalline silicon nanoparticles (Si-NPs), supplied by Nanomakers, are produced at industrial scale by laser pyrolysis technique. 32 Carbon coated and uncoated Si-NPs of two sizes (40 and 75 nm) were kept in inert argon atmosphere to prevent their alteration/oxidation. TEM images of coated and uncoated Si-NPs are given in ESI ( Fig. S1 †) which show the size and their organization in rosary. Petroleum pitches (ZL 118 M and ZL 250M, with soening point of 118 and 250 C respectively) were supplied by Rütgers. Materials were used as received. Nomenclature and textural data of the Si-NPs are presented in Table 1 and detailed in Fig. S2 . †
Silicon-carbon composites
The silicon-carbon composites were prepared as follows: 1.285 g of pitch (carbon precursor) were dissolved in 25 mL of tetrahydrofuran (THF, Sigma Aldrich, HPLC grade); meanwhile, 0.100 g of Si-NPs were dispersed in 12.5 mL of THF. The solution and the dispersion were kept under sonication for 10 min (37 kHz, 35 W). Then, the silicon dispersion was added to the pitch solution and kept 1 h under magnetic stirring for homogenization at room temperature. The resulting mixture was placed in an oil bath and heat up to 75 C to slowly evaporate the THF. Aer 5 hours, a dark paste was obtained, placed in an alumina boat, and subsequently dried under vacuum in a glass oven (B-585 Drying Büchi) at 90 C for 3 h. The dried materials were pyrolyzed in tubular oven under an argon ow of 0.1 L min À1 at 400 C for 4 h and 900 C for 3 hours (heating rate 10 C min À1 ) to obtain the C/Si composites. The content of silicon in composites aer pyrolysis was estimated by thermogravimetric analysis ( Fig. S3 †) to be approximately 12 wt%. Pyrolyzed pitch samples without silicon (named here-aer_118M and _250M respectively) were prepared using the same procedure, excluding the presence of silicon, for comparison.
Characterization
X-ray diffraction patterns were recorded on a PANalytical X'Pert Pro MDP diffractometer, with the Ka radiation of Cu (l ¼ 1.5418 A) and a step size of 0.033 (2q scale) into the 10-70 interval. Scanning electron micrographs and energy-dispersive X-ray spectroscopy analysis were performed on a FEI Quanta FEG 200 scanning electron microscope. N 2 physisorption experiments were carried out on a BELSORP-mini.
Galvanostatic electrochemical characterizations were performed at room temperature on a BCS-805 battery cycling system (10 V, 150 mA) from BioLogic Science Instruments using CR2032-type coin cells. Two different electrode formulations were prepared depending on the presence or absence of pitch. Silicon-based electrodes were composed of Si-NPs (18 wt%), Super P (35 wt%, Imerys), VGCF carbon bers (35 wt%, Showa Denko K.K.) and carboxymethyl cellulose (CMC, 12 wt%, Sigma Aldrich, M w z 250 000 g mol À1 ). Composite-based electrodes were composed of C/Si composite (80 wt%), Super P (2.5 wt%), VGCF carbon bers (2.5 wt%) and CMC (15 wt%). It is noteworthy that the amount of silicon in composite-based electrodes is 10 wt%. Slurries were stirred in ultrapure water and tape casted uniformly at 100 mm onto a copper current collector (Goodfellow Cu sheet 99.9%, with a thickness of 0.0175 mm) 
Results and discussion
Electrochemical performances of silicon nanoparticles without composite
The four silicon nanoparticles were electrochemically tested by galvanostatic assays in half-cells in order to determine their performances versus Li + /Li. The charge/discharge proles of 1st, 2nd and 10th cycles for the four Si-NPs are presented in Fig. 1 , and the corresponding derivative curves in ESI ( Fig. S5 †) . Coated and uncoated nanoparticles exhibit similar lithiation behavior. All samples exhibit a potential step at around 0.75 V vs. Li + /Li (Fig. 1 ) during the rst discharge (black lines) which is associated with the starting of formation of the SEI layer. 27 It is followed by a potential plateau at 0. [3] [4] [5] 8 This shape prole in charge, characteristic of the formation of Li 15 Si 4 in discharge, has already been observed in silicon-based electrodes with a pitch-based carbon matrix. 27, 31, 33 The following cycles evidence the lithiation of amorphous silicon with the presence of the two broad derivative peaks during the discharge steps. The huge peak at 0.45 V vs. Li + /Li during the charge is better dened aer ten cycles ( Fig. S5 †) , especially for larger Si particles.
The cycling performances of carbon-coated and uncoated silicon nanoparticles at a current density of 716 mA g À1 (179 mA g À1 for the 1st cycle) are presented in Fig. 2 , while their coulombic efficiencies are shown in Fig. S6 . † Moreover, a summary of the reversible specic capacities in charge determined at different cycles is presented in Table 2 . For both samples, i.e. Si_40 and Si_75, the rst reversible delithiation capacity is improved by the carbon coating on the silicon nanoparticles, from 75.64% for uncoated to 76.82% for coated Si_40, and from 78.90% to 81.44% for Si_75. The theoretical capacity of the active material of these electrodes was calculated as 923 mA h g À1 and the initial reversible capacities obtained for the Si-NPs are above 80% of this value, e.g. 817 mA h g À1 (89%) and 766 mA h g À1 (83%) corresponding to Si_40 and Si_40C respectively, and 775 mA h g À1 (84%) and 764 mA h g À1 (83%) corresponding to Si_75 and Si_75C respectively. Besides, the carbon coating inuences the initial lithiation of Si-NPs. Indeed, electrodes prepared with uncoated nanoparticles exhibit slightly higher initial specic capacities. However, the electrodes prepared with carbon coated Si-NPs exhibit a better reversibility at rst cycle with systematically a lower irreversible capacity. Furthermore, they show higher specic capacities than their uncoated counterparts aer 50 (7.6% higher for Si_75C) and 100 cycles (12.2% higher for Si_75C), and these samples possess better reversible capacity retention (e.g. maintain of 80% instead of 70% of the second charge capacity aer 100 cycles for Si_75C compared to Si_75).
If a slightly higher capacity is measured for uncoated samples for the rst cycles (lled symbols in Fig. 2) , the coulombic efficiency is a bit lowered ( Fig. S6 †) . It is possible that the presence of the carbon layer limits the initial lithiation of Si-NPs, and also allows the formation of a more stable SEI bene-cial for the long-term capacity retention. For instance, it takes less than 15 cycles to the bigger carbon coated nanoparticles (Si_75C) to surpass the specic capacities obtained by its counterpart (i.e. 732 mA h g À1 against 754 mA h g À1 for Si_75 and Si_75C respectively). Even if this phenomenon occurs later (around 50 cycles) for the smaller size, the carbon coating positive effect is also observed based on average fading rates (average capacity loss between 2nd and 100th cycles of 32% against 22% for Si_40 and Si_40C respectively, which are similar to those of Si_75 and Si_75C, 30% against 21% respectively). In both cases, aer 50 cycles the capacity retention of carboncoated nanoparticles (above 86.4% and around 87.5%) is higher than their uncoated ones (79.9% and around 80.1% respectively). Aer 100 cycles Si_75C presents the best specic capacity retention (79.6%) among the four types of Si-NPs studied, nevertheless both coated nanoparticles exhibit quite similar capacity retentions. The better performances of Si_75C may be explained as both coated nanoparticles possess the same coating thickness and Si_40C size is also smaller, thus the SEI formed per particle is more important in the latter, slightly decreasing the accessibility of lithium ions.
It is also noteworthy that all four Si-NPs exhibit coulombic efficiencies above 95% aer the second cycle. In fact, the moderate initial coulombic efficiency (around 76% for Si_40 and Si_40C and 80% for Si_75 and Si_75C) is mainly due to the SEI formation and the irreversible lithiation during the rst cycle. Besides, the initial efficiency is slightly higher (around 1% better) for the coated Si-NPs. In general terms, the four Si-NPs exhibit correct coulombic efficiency (above 98% at cycle 20) for silicon based electrodes, especially Si_75C that possess the highest one at the end of the cycling (>99.5% since 70th cycle). Accordingly, Si_75C was selected to form the pitch-based carbon/nano-silicon composites in order to ensure the best electrochemical performances.
Carbon/silicon composites
The silicon nanoparticles Si_75C, which exhibited the best electrochemical performances versus Li + /Li, has been selected to prepare the pitch-based carbon/silicon composite. It has been reported that the cycling stability of silicon-based anodes may be improved using pitch as a carbon source. 34 The use of this raw material is interesting in terms of cost reduction as compared to graphite. Commonly, the graphitization process for articial graphite production is highly energy consuming, since it requires temperatures above 2000 C. Pitch-based carbon and silicon-pitch composites are obtained at more acceptable temperatures (below 1000 C). Pitch-based carbon cost is also advantageous, only a few euros per kilogram, against around 8-10V per kilogram for graphite. Furthermore, the use of pitch as carbon source avoids the use of natural graphite, which is a critical raw material. 28, 29, 34 Two pitches, with different soening point, have been used (ZL 118M and ZL 250M). X-ray diffractograms of the pitches (raw Fig. 1 Charge/discharge profiles of the silicon nanoparticles at a current rate of 179 mA g À1 (1st cycle) and at a current rate of 716 mA g À1 (2nd and 10th cycles) for a voltage window of 0.01-1.5 V vs. Li + /Li; Si_40 (a), Si_40C (b), Si_75 (c) and Si_75C (d). material and pyrolyzed) and of the carbon/silicon composites are presented in Fig. 3 . X-ray patterns of the pitches evidence their amorphous composition even aer pyrolysis, and no reection associated with graphite can be observed. For the carbon/silicon composites Si_75C_118M and Si_75C_250M, all reections correspond to crystalline silicon (JCPDS 00-027-1402) and, as for the pyrolyzed pitches, the carbon matrix is still amorphous. No signicant shi on silicon reections can be detected, and neither the presence of silicon oxide nor silicon carbide crystal phases.
Typical SEM images of pitch 250M (raw and pyrolyzed) and its corresponding carbon/silicon composite are shown in Fig. 4 . An analogue gure corresponding to pitch 118M is presented in ESI (Fig. S7 †) . Raw pitch is composed of pebbles of different sizes (a hundred of microns) with a quite at surface. Pyrolyzed pitch is always composed by pebbles; however, different layers of carbon compose the surface. It is noteworthy to mention that pitch melts during pyrolysis and the morphology of samples, aer this step, corresponds to the gradual solidication process during the cooling. A similar morphology is observed for the C/ Si composites in which the Si-NPs are homogenously dispersed into the carbonaceous matrix as observed in Fig. 4c . Besides, there is no evidence of Si-NPs clusters, demonstrating a good dispersion of the nanoparticles in the solution prepared with THF and pitch.
Additionally, carbon, oxygen, and silicon EDX mapping of the Si_75C_250M based electrodes is displayed in Fig. 5 (see Fig. S8 † for the mapping of Si_75C_118M based electrodes). The electrode composition is homogenous and the Si-NPs are well dispersed over all the lm.
The two C/Si composites were electrochemically tested versus lithium. Their cycling performances and their charge/discharge proles at different cycles are presented in Fig. 6 and the corresponding derivative curves in ESI (Fig. S9 †) . Both composite electrodes display similar galvanostatic prole for cycles 1, 2 and 10 ( Fig. 6a and b) . Over the rst galvanostatic lithiation, the voltage drops from the open circuit value to approximately 0.7 V vs. Li + /Li, where a slope is observed until 0.06 V and a pseudo voltage plateau occurring until 0.01 V. The slope region between 0.7 and 0.06 V vs. Li + /Li may be associated with the formation of a SEI layer over both the carbon matrix and silicon particles. The pseudo-plateau might correspond to the transformation of crystalline silicon into amorphous silicon. It is important to keep in mind that both electrodes are composed of 10 wt% of silicon, amount that is below the one for the electrode formulation presented for the four Si-NPs (18 wt%). Clearly, the carbon matrix, composed of pyrolysed petroleum pitch, acetylene black, and carbon bers, strongly inuences the electrochemical lithiation of silicon particles. The subsequent discharging proles (cycles 2 and 10) are typical of amorphous silicon and are similar to the proles of the single Si-NPs (Fig. 1) . Regarding the charging proles, both samples present a sloping curve and a small plateau at 0.46 V vs. Li + /Li typical of delithiation of crystalline Li 15 Si 4 (also visible as a peak in the derivative curve, Fig. S9 †) . At this stage, both composites from pitch ZL 118M and ZL 250M appear to behave in a comparable manner, even though Si_75C_118M shows a higher capacity during rst cycles (Fig. 6) .
It is noteworthy that there is still room for improvement by playing on the steps in the electrode formulation. Several parameters of the electrode formulation have been checked as the milling time of active material to try to still improve the performance. As an example when the same composites Si_75C_118M and Si_75C_250M were submitted to a longer dry ball-milling with other carbons (acetylene black, carbon bers) prior to electrode formulation, differences begin to be noticeable for the rst galvanostatic lithiation curve, and the specic capacities are quite similar, and corresponding to the expected values if one considers 10 wt% of silicon ( Fig. S10 and S11 †).
The time duration of ball-milling for electrode formulation might be a parameter to investigate into details.
Regarding the cycling performances of composites (Fig. 6c ), the Si_75C_118M composite exhibits the highest initial discharge capacity (1120 mA h g À1 ), higher than that of single nanoparticles (937 mA h g À1 ) and the theoretical expected capacity (610 mA h g À1 ), and the highest coulombic efficiency on the rst cycle (79.63%, Table 1 ). However, cycling behavior of Si_75C_250M is better compared to Si_75C_118M as its specic capacity loss over a hundred of cycles is lower (9% loss for Si_75C_250M, 24.6% for Si_75C_118M). Noteworthy, it takes only 3 cycles to overcome the 95% threshold of coulombic efficiency and they also tend to 99.50% at the end of the cycling. Interestingly, both pyrolyzed pitches (_118M and _250M, Fig. S12 †) exhibit initial coulombic efficiencies of 75% that are close to the one obtained for the carbon/silicon composites. The better performance of Si_75C_118M composite on rst cycles can likely be attributed to a different SEI formation on the surface of pitch 118M or 250M (see below, the different soening point) which would be interesting to study. In comparison to literature, the initial reversible capacity of composites, notably Si_75C_250M, is quite good, as it is commonly observed carbon/silicon composites with initial coulombic efficiencies lower than 70%. 28, 29, 34 Indeed, the carbon matrix formed by the pyrolyzed pitch has an enormous impact on the electrode formulation. The presence of pitch improves the cycling stability and reversibility of the lithiation-delithiation process during galvanostatic measurements. Pitch-based carbon matrix allows improving the capacity retention and both composites. Both samples retain at least 75% of these capacities at the end of the 100th cycle (Table  1) , and Si_75C_250M exhibit an improved electrochemical behavior than its 118M pitch counterpart. Furthermore, this capacity retention is superior to other pitch-based carbon/ silicon composites founded in literature. For instance Yang et al. 27 recently reported a capacity retention of 77% aer 100 cycles for a silicon-graphite-pitch composite cycled at 100 mA g À1 .
It is important to mention that the electrochemical performance of the two pitch-based carbons was also analyzed under the same conditions (see Fig. S12 in ESI †). The electrochemical behavior of both pitches is quite similar. They exhibit a specic capacity around 240 mA h g À1 , which corresponds approximately to two-thirds of the theoretical capacity of graphite. Furthermore, their coulombic efficiency is superior to 98.0% aer 3 cycles and it tends to 99.9% at the end of the cycling. Both pitches exhibit practically the same behavior against lithiation. Therefore, the different performances observed in the C/ Si composites may be attributed to the dispersion of silicon nanoparticles into the carbon matrix. This phenomenon may be linked to the different soening points of both pitches combined to the better thermal stability of pitch 250M at higher temperatures, as evidenced by Apicella et al. 23 whom exhibited the presence of two regions of volatilization around 300 C and 700 C in pitch 118M. The second region of volatilization may affect the homogeneity of the Silicon dispersion in the matrix.
Interestingly, the capacities obtained for the two composites are higher than capacities reported by others 26 for their pitchbased carbon/silicon composite electrodes cycled at a current density of 75 mA g À1 . As a reminder, the current densities used in our electrochemical tests were selected taking into account the theoretical capacity of the Li 15 Si 4 phase, which means that the current density applied was of 716 mA g À1 , thus ten times faster than the current used in 26 which evidences high performances of our carbon/silicon composites.
Conclusions
In conclusion, we propose a simple way to obtain carbon/silicon composites, using a low cost raw material as carbon source: petroleum pitch. Composites were successfully obtained aer pyrolysis of silicon nanoparticles and pitch. SEM microscopy conrms the homogeneous dispersion of the silicon Fig. 6 Charge/discharge profiles of the Si_75C-based composites using the two types of pitches; Si_75C_118M (a) and Si_75C_250M (b); and their cycling performances and coulombic efficiency (c) at a current rate of 716 mA g À1 (179 mA g À1 for the 1st cycle). Voltage window of 0.01-1.5 V vs. Li + /Li. Filled and open symbols refer to reduction (discharge) and oxidation (charge), respectively. nanoparticles into the carbonaceous matrix. The obtained carbon remains amorphous and there is no evidence of the formation of secondary phases aer the pyrolysis step. Both carbon coating and pitch-based carbon matrix allow enhancing the electrochemical performances of laser pyrolysis silicon nanoparticles. Composites exhibit limited irreversible capacity loss in rst cycle, compared to the state of the art of Si-carbon composites, good cycling stability and capacity retention even for fast current density applied. Given that these composites exhibit high electrochemical performance, it would be interesting to determine the maximum amount of silicon tolerated in the electrode in order to improve the specic capacity with such good capacity retention. We have to keep in mind that the capacity in Li-ion full cells is limited by the one of the positive electrode, and 1000-1200 mA h g À1 for the negative electrode appears to be a threshold aer which improvement become negligible. 35 
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